A new method for generating frequency-octupling millimeter-wave (mm-wave) vector signals in optical fields via a Sagnac loop is proposed. In this scheme, two orthogonally polarized fourth order sidebands can be obtained through an integrated dual-polarization quadrature phase shift keying (DP-QPSK) modulator. The two optical sidebands are sent into an I/Q modulator-based Sagnac loop. The I/Q modulator is modulated by a 16QAM baseband signal. In the Sagnac loop, one of the sidebands is modulated by the baseband vector signal along one direction, and the other sideband is unmodulated along the opposite direction because the I/Q modulator has the traveling-wave nature. Thanks to this modulation property and the symmetrical structure of the Sagnac loop, a frequency-octupling mm-wave vector signal that is free from interband beating and fiber chromatic dispersion interference can be generated by the photodetector (PD). After simulating a 20 km single-mode fiber (SMF) transmission, the generated frequency-octupling vector signal was good in function.
Introduction
Greater requirements have been raised for the high-speed transmission of data, long-capacity services and the huge bandwidth of the communication system. Using a higher frequency to generate a mm-wave signal is perceived as a promising approach for future communication systems, due to its inherent wide bandwidth that can carry high-speed access data [1] [2] [3] [4] . Traditionally, the mm-wave is generated from the low carrier frequency and restricted bandwidth of the electronic devices through electrical methods [5] [6] [7] [8] [9] . Because of intrinsic superiorities like anti-electromagnetic interference, low loss, large broadband and high frequency, mm-wave signal generation via photonic technology is being investigated to overcome these problems, which could play a crucial part in breaking the bottleneck of electronic bandwidth. Also, the mm-wave signal which is generated with vector modulation formats can remedy the limited frequency spectrum resources and data can be transmitted at a higher access rate. Thus, various methods for the generation of a vector signal are proposed using optical technology.
In recent years, scholars have investigated various precoding auxiliary schemes for the generation of photonic and mm-wave vector signals [10] [11] [12] . One scheme for the generation of a frequency octupling quadrature phase shift keying (QPSK) signal by precoding is proposed in Reference [10] , another two schemes for the generation of frequency quadrupling QPSK signals and frequency doubling 16QAM signals (also by precoding) are proposed in References [11, 12] , respectively. Different mm-wave vector signals with high frequencies can be generated through these schemes, thus decreasing the bandwidth demand of the devices. However, if two specific optical sidebands were removed by another expensive wavelength filter, this would reduce the signal-to-noise ratio (SNR). Scholars have also proposed some precoded schemes for the generation of mm-wave vector signals without using filters as an improvement [13, 14] . A scheme that employed a single-drive MZM to generate a frequency-quadrupling QPSK signal was proposed in Reference [13] . The optical suppression ratio between the second and the fourth order sidebands is only 10 dB, which will decrease the SNR and not fit the high order QAM signal generation. High order vector signals, such as a QAM signal, can be generated by precoding without using a filter. However, this technique only can realize frequency-doubling [14] . The main issue perplexed in all these schemes is that the multiplication of amplitude or phase by frequency multiplication should instead be addressed through precoding. As a result, the transmitter will be complex in digital signal processing (DSP) [15, 16] . A vector signal generation scheme without precoding and optical filter was proposed in Reference [15] , which generated RF vector signals in the electrical domain and only realized frequency-doubling. Reference [16] proposed a scheme without precoding for the generation of a dual-tone QPSK signal which could select a QPSK modulated optical sideband and an unmodulated optical sideband. This scheme could could finally can generate a frequency-nonupling QPSK signal, however, the correlative high order sidebands should be selected using an extra WSS (Wavelength Selective Switch).
In this work, an I/Q modulator-based Sagnac loop used to generate frequency-octupling 16QAM signals is proposed. Usually, the frequency-octupling signal can be generated by a DP-MZM, however the signal suffers from a low optical sideband suppression ratio (OSSR) because of the finite extinction ratio of the DP-MZM [17] . A DP-QPSK modulator is an integrated modulator that can flexibly generate different forms of optical signals and has been widely used in recent reports [18, 19] . The proposed scheme consists of a DP-QPSK modulator, a tunable laser source (TLS) and an I/Q modulator-based Sagnac loop. The light wave is sent to the DP-QPSK modulator from the TLS. An optical carrier and ±4st-order optical sidebands can be generated in the DP-QPSK modulator by controlling the phases of the RF signal and adjusting the DP-QPSK modulator. Two orthogonally polarized ±4st-order optical sidebands with a suppressed optical carrier can be generated by a fiber Bragg grating (FBG), then the orthogonally polarized sidebands are split by a polarization beam splitter (PBS), which are sent to the Sagnac loop, where a 16QAM baseband signal is applied to the I/Q modulator. One of the 4st-order sidebands is modulated unidirectionally and the leaving sideband is unmodulated in the inverted direction because of velocity mismatch [20] , thus the power fading effect can be eliminated. Finally, using a polarizer to combine and a photodetector (PD) to detect the two orthogonally polarized sidebands, a 16QAM vector signal with frequency-octupling can be generated. Employing the proposed scheme, our simulation demonstrated the generation of a 4 Gbaud 16QAM signal at 80 GHz by a 10 GHz RF signal, and the generated vector signal could achieve a 20 km SMF transmission with a BER of less than 1 × 10 −3 . Comparing these results with the existing schemes, the scheme we proposed has key advantages in that it can meet the requirements for high frequency applications for frequency-octupling without precoding, and the signal is also immune to fiber chromatic dispersion since the baseband vector signal only modulates one sideband.
Principle
The frequency-octupling 16QAM vector signal generation scheme is proposed in Figure 1 . In the scheme, a TLS sends a light wave to the DP-QPSK modulator, where three relatively pure sidebands can be generated, i.e., the optical carrier and the ±4st-order optical sidebands. The FBG is used to suppress the optical carrier. By adjusting the polarization controller (PC2), the optical signal is launched to the Sagnac loop from a PBS. The Sagnac loop contains an I/Q modulator and two polarization controllers (PCs). One sideband in the Sagnac loop transmitted clockwise while the other sideband transmitted counter-clockwise. A pulse patter generator (PPG) generated a 16QAM baseband signal which was Symmetry 2019, 11, 84 3 of 8 sent to the I/Q modulator. The I/Q modulator has a travelling-wave transmission property; for one sideband along the clockwise direction is almost unmodulated because of velocity mismatch, while the other counter-clockwise sideband can be sufficiently modulated by the baseband signal. Then, the orthogonally polarized ±4st-order sidebands are recombined in the PBS at the Sagnac loop output. The two sidebands are processed through a Pol and the square-law detection is operated through a PD to obtain a frequency-octupling 16QAM signal. The scheme generates ±4st-order optical sidebands through an integrated DP-QPSK modulator. We found that the spurious optical sidebands would emerge if we generated only a ±4st-order optical sideband. When ±4st-order optical sidebands and an optical carrier are generated simultaneously, no spurious optical sideband exists. The equivalent structure of the DP-QPSKM is shown in Figure 2 . The RF signal is generated from a microwave signal generator (MSG) can be divided into four paths with different phases. The QPSK1 modulator and QPSK2 modulator can output optical signal, which is expressed as:
where c  and RF  denote the angular frequency of the optical carrier and RF signal, respectively.
 is the phase of RF signal and The deviations of the two QPSK modulators and the sub-MZMs are set as the maximum transmission point. Expanding Equation (1), the output signal can be written as:
By adjusting the phases of the RF signal
, Equation (1) can be expressed as: The scheme generates ±4st-order optical sidebands through an integrated DP-QPSK modulator. We found that the spurious optical sidebands would emerge if we generated only a ±4st-order optical sideband. When ±4st-order optical sidebands and an optical carrier are generated simultaneously, no spurious optical sideband exists. The equivalent structure of the DP-QPSKM is shown in Figure 2 . The RF signal is generated from a microwave signal generator (MSG) can be divided into four paths with different phases. The QPSK1 modulator and QPSK2 modulator can output optical signal, which is expressed as:
where ω c and ω RF denote the angular frequency of the optical carrier and RF signal, respectively. φ is the phase of RF signal and m = πv m v π is the modulation index of the two QPSK modulators, where v m and v π are the driving voltage and half-wave voltage, respectively.
The deviations of the two QPSK modulators and the sub-MZMs are set as the maximum transmission point. Expanding Equation (1), the output signal can be written as:
8 , Equation (1) can be expressed as: Equation (3) shows that there is an optical carrier and orthogonally polarized sidebands with orders of 4 n . Spurious optical sidebands exist in the output signal. If modulation index m = 2.618, J 0 ≈ J 4 and the spurious optical sidebands are ignorable. Thus, the ±4st-order optical sidebands and the optical carrier (three relatively pure sidebands) are generated. Following transmission through a wavelength fixed FBG, the optical carrier is well suppressed while pure ±4st-order optical sidebands are left untouched. J J  and the spurious optical sidebands are ignorable. Thus, the ±4st-order optical sidebands and the optical carrier (three relatively pure sidebands) are generated. Following transmission through a wavelength fixed FBG, the optical carrier is well suppressed while pure ±4st-order optical sidebands are left untouched. modulator.
In the Sagnac loop, two binary data sequences drive the I/Q modulator. The 16QAM baseband signal can be generated through configuration. The baseband vector signal is as below:
Then the Sagnac loop output is written as:
where  represents the modulation index. The two orthogonally polarized signals are combined through a polarizer. The angle in the polarization direction is adjusted to  through PC5 (Polarization Controller5). The optical signal output from the polarizer is:
Equation (6) shows that the output signal is similar to an equivalent SSB modulation. L is the length of the SMF and  is the propagation constant. The expression of the output signal after the SMF transmission is as below:
After detection through the square-law PD, the output electrical signal can be written as: In the Sagnac loop, two binary data sequences drive the I/Q modulator. The 16QAM baseband signal can be generated through configuration. The baseband vector signal is as below:
where β represents the modulation index. The two orthogonally polarized signals are combined through a polarizer. The angle in the polarization direction is adjusted to θ through PC5 (Polarization Controller5). The optical signal output from the polarizer is:
Equation (6) shows that the output signal is similar to an equivalent SSB modulation. L is the length of the SMF and λ is the propagation constant. The expression of the output signal after the SMF transmission is as below:
After detection through the square-law PD, the output electrical signal can be written as:
Equation (8) shows that a vector signal with a frequency of 8ω RF can be obtained and that the system is free from power fading caused by fiber dispersion. 
Simulation Results
The proposed frequency-octupling vector signal scheme was simulated by OptiSystem 7.0. In Figure 1 , the light wave from the TLS was 10 dBm with a 1 MHz line width, working at 193.1 THz. The light wave was injected into the DP-QPSK modulator through PC1. The DP-QPSK modulator was driven by the RF signal generated by MSG. Its frequency was 10 GHz and modulation index was 2.618. Figure 2 shows the optical signal with ±4st-order sidebands and the optical carrier which could be obtained by changing the phases of the RF signal. The optical spectra from the DP-QPSK modulator is shown in Figure 3a . The FBG is centered at 193.1 THz to suppress the optical carrier, Figure 3b illustrates the optical sidebands with a frequency spacing of 80 GHz. After being amplified by an EDFA (Erbium Doped Fiber Amplifier), the generated signal is launched into the Sagnac loop.
Equation (8) shows that a vector signal with a frequency of 8 RF  can be obtained and that the system is free from power fading caused by fiber dispersion.
The proposed frequency-octupling vector signal scheme was simulated by OptiSystem 7.0. In Figure 1 , the light wave from the TLS was 10 dBm with a 1 MHz line width, working at 193.1 THz. The light wave was injected into the DP-QPSK modulator through PC1. The DP-QPSK modulator was driven by the RF signal generated by MSG. Its frequency was 10 GHz and modulation index was 2.618. Figure 2 shows the optical signal with ±4st-order sidebands and the optical carrier which could be obtained by changing the phases of the RF signal. The optical spectra from the DP-QPSK modulator is shown in Figure 3a . The FBG is centered at 193.1 THz to suppress the optical carrier, Figure 3b illustrates the optical sidebands with a frequency spacing of 80 GHz. After being amplified by an EDFA (Erbium Doped Fiber Amplifier), the generated signal is launched into the Sagnac loop. In the Sagnac loop, 4 Gbaud baseband binary signals generated from a PPG, which has a pseudo-random binary sequence (PRBS) of Figure 4a shows the electrical spectra and Figure 4b shows the constellation of the baseband signal. A PBS is used to combine the two sidebands from the Sagnac loop. The optical spectra at the output of the PBS is shown in Figure 5a . It is shown that one of the optical sidebands that transmitted counter-clockwise was modulated through the baseband signal, while the other optical sideband that transmitted clockwise was unmodulated due to the travelling-wave transmission property of the I/Q modulator. After transmission over 20 km of SMF, when the PMD (Polarisation Mode Dispersion) coefficient was 0.5 ps/km 1/2 , the dispersion slope was 0.075 ps/nm 2 .km, the attenuation coefficient was 0.2 dB/km and the chromatic dispersion was 16.75 ps/nm.km. The orthogonally polarized sidebands were sent to the polarizer and then received by the PD. Figure 5b shows the RF spectra of the generated vector mm-wave signal. A 16QAM mm-signal at 80 GHz was generated when the modulated sideband and the unmodulated sideband beat each other. In the Sagnac loop, 4 Gbaud baseband binary signals generated from a PPG, which has a pseudo-random binary sequence (PRBS) of 2 13 − 1, are applied to I/Q modulator. Figure 4a shows the electrical spectra and Figure 4b shows the constellation of the baseband signal. A PBS is used to combine the two sidebands from the Sagnac loop. The optical spectra at the output of the PBS is shown in Figure 5a . It is shown that one of the optical sidebands that transmitted counter-clockwise was modulated through the baseband signal, while the other optical sideband that transmitted clockwise was unmodulated due to the travelling-wave transmission property of the I/Q modulator. After transmission over 20 km of SMF, when the PMD (Polarisation Mode Dispersion) coefficient was 0.5 ps/km 1/2 , the dispersion slope was 0.075 ps/nm 2 .km, the attenuation coefficient was 0.2 dB/km and the chromatic dispersion was 16.75 ps/nm.km. The orthogonally polarized sidebands were sent to the polarizer and then received by the PD. Figure 5b shows the RF spectra of the generated vector mm-wave signal. A 16QAM mm-signal at 80 GHz was generated when the modulated sideband and the unmodulated sideband beat each other. The BER of the 80 GHz vector signal with varying input power for different transmission cases was simulated. Figure 7a shows the BER curves of the 16QAM signal at 80 GHz (2 and 4 Gbaud) after a 20 km SMF transmission. The BER was under 1 × 10 −3 when the power of the received optical The BER of the 80 GHz vector signal with varying input power for different transmission cases was simulated. Figure 7a shows the BER curves of the 16QAM signal at 80 GHz (2 and 4 Gbaud) after a 20 km SMF transmission. The BER was under 1 × 10 −3 when the power of the received optical The BER of the 80 GHz vector signal with varying input power for different transmission cases was simulated. Figure 7a shows the BER curves of the 16QAM signal at 80 GHz (2 and 4 Gbaud) after a 20 km SMF transmission. The BER was under 1 × 10 −3 when the power of the received optical signal was larger than −5.8 dBm or −4 dBm. The 4 Gbaud 16QAM signal caused a 1.8 dB power penalty versus the 2 Gbaud case. Figure 7b shows the measured BER curves of the 16QAM signal with 4 Gbaud at 80 GHz in the condition of BTB and a 20 km SMF transmission. When the received optical power was greater than −5.5 dBm and −4 dBm, the BER was under 1 × 10 −3 . Therefore, a 1.5 dB power penalty was caused. In the system, the main imperfection that could introduce noise is the insertion loss of the MZM, it is 5-7 dB. However, only one of the ±4st-order sidebands is modulated, meaning that power fading due to the fiber dispersion in generated signal is well suppressed. Thanks to this modulation form, the influence of beat noise on the system can be better reduced. The scheme we proposed is free from fiber chromatic dispersion. It can be seen the results agree with our theoretical analysis well.
power penalty was caused. In the system, the main imperfection that could introduce noise is the insertion loss of the MZM, it is 5-7 dB. However, only one of the ±4st-order sidebands is modulated, meaning that power fading due to the fiber dispersion in generated signal is well suppressed. Thanks to this modulation form, the influence of beat noise on the system can be better reduced. The scheme we proposed is free from fiber chromatic dispersion. It can be seen the results agree with our theoretical analysis well. 
Conclusions
A new photonic generation scheme for a 16QAM frequency-doubling signal without precoding was proposed. A DP-QPSK modulator and an FBG were configured to generate orthogonally polarized ±4st-order sidebands. After being combined by a PBS, the two optical sidebands were sent into an I/Q modulator-based Sagnac loop. One of the sidebands was modulated by the baseband signal and the other was unmodulated. The proposed scheme is not affected by environmental disturbances and power fading. Moreover, the eye diagrams, the BER curves and the constellations of the frequency-octupling 16QAM signal were analyzed to verify the performance of the proposed scheme.
